Exposure to environmental tobacco smoke (ETS) is a major risk to human health, and the home is the greatest single source of ETS for children. The authors investigated fetal exposure to paternal smoking at home during pregnancy. Korean families were included as trios of fathers, mothers, and neonates identified in [2005][2006][2007]. Sixty-three trios were finally enrolled in this study after exclusion of those in which the mother was a smoker or was regularly exposed to ETS at places other than the home. Nicotine and cotinine concentrations in hair were measured by using liquid chromatography-tandem mass spectrometry to determine long-term exposure to ETS. The difference between neonatal nicotine concentrations in the smoker and nonsmoker groups was not statistically significant. However, in the indoor-smoker group, neonatal nicotine concentrations were significantly higher than in the outdoor and nonsmoker groups (P < 0.05). Furthermore, neonatal nicotine concentrations in the outdoor-smoker group were not different from those in the nonsmoker group. These findings indicate that paternal smoking inside the home leads to significant fetal and maternal exposure to ETS and may subsequently affect fetal health. Conversely, findings show that paternal smoking outside the home prevents the mother and her fetus from being exposed to ETS.
Exposure to environmental tobacco smoke (ETS; also referred to as passive smoking) and active smoking present major risks to human health, and they contribute to the development of various human cancers, respiratory illnesses, and other diseases (1, 2) . Studies on ETS have been previously conducted in various environments including the home, the greatest single source of ETS for children (3) (4) (5) . Children exposed to ETS at home are more prone to respiratory illness and are more likely to be admitted to the hospital (6) . In addition, maternal smoking increases the risks of premature birth, spontaneous abortion, and intrauterine growth retardation and of other diseases (7) (8) (9) (10) . However, there is some debate concerning the clinical impact of fetal exposure to paternal smoking for mothers who do not smoke (4) . Moreover, few studies have examined the extent to which the fetus is indirectly exposed to paternal smoking or whether paternal smoking adversely affects fetal well-being (11) (12) (13) (14) .
This lack of study is largely attributable to the difficulties of determining fetal exposure to ETS because of the small quantities involved. Therefore, development of a highly sensitive method to assess ETS exposure is a key step before correlation with fetal health outcomes of paternal smoking can be investigated. The smoking place at home can also be an important factor in identifying smokers to assess exposure of a father's family members to significant ETS (15) .
Nicotine and its major metabolite cotinine are commonly used as smoking biomarkers, and their levels can be determined in various biologic specimens. Compared with other biologic specimens, hair has several advantages because it can be easily collected, can be stored for a long time without deterioration, and provides better information on long-term (several months) exposure to tobacco smoke (16) (17) (18) (19) . However, previously described methods require large quantities of hair (3-50 mg) to determine nicotine and cotinine levels, which has limited its use as a smoking biomarker irrespective of its many advantages (20) (21) (22) .
We recently developed a method based on highly sensitive liquid chromatography-tandem mass spectrometry that requires as little as 1 mg of hair to measure nicotine and cotinine simultaneously (23) . In the present study, we used this method to measure maternal and neonatal nicotine and cotinine concentrations to determine whether the fetuses of mothers who do not smoke are significantly exposed to ETS by paternal smoking and how different this exposure is according to the smoking place at home.
MATERIALS AND METHODS

Subject characteristics
We identified trios of potential subjects consisting of neonates and both parents at the Newborn Care Unit of Inje University Ilsan Paik Hospital in Korea from April 2005 to March 2007. Informed consent was obtained from mothers or fathers, and candidates were asked to complete a questionnaire that detailed the smoking histories of family members. In the present study, we approached 107 families and selected 92 candidate families in which the mother was a nonsmoker and had no regular exposure to ETS at places other than the home. About 2-3 mg of hair was collected from all members of each family. Only 63 of 92 candidate families entered the final analysis after we excluded those who did not complete the questionnaire or provide a sufficient hair sample. Of the 63 families enrolled, 27 were totally nonsmoking and the other 36 had only fathers who smoked. The smoker group was subdivided into an outdoor-smoker group (27 families) and an indoor-smoker group (9 families) according to whether the father smoked inside or outside the home. Smoking on a veranda could be classified as inside or outside, but we decided to classify it as inside smoking for apartments and so classified it in this study.
Measurement of hair nicotine and cotinine levels
Hair nicotine and cotinine levels were determined blinded to the smoking status of study subjects, and the liquid chromatography-tandem mass spectrometry method, previously described (23), was used. Hair samples of 1 mg were finely cut, washed for 1 hour with 2 mL of dichloromethane, and then digested for 90 minutes with 0.9 mL of 1 mol/L sodium hydroxide at 60°C. The digested samples were mixed with internal standards of nicotine and cotinine extracted with 2 mL of diethyl ether, and extracts were evaporated for 40 minutes at 50°C, redissolved in 50 lL of mobile phase (methanol-water (80:20, v/v)), and injected (10 lL) into the liquid chromatography-tandem mass spectrometry system. The high-pressure liquid chromatography unit used was an HP 1100 (Agilent Technologies, Inc., Santa, Clara, California), and the tandem mass spectrometer was an API 4000 machine (Applied Biosystems, Foster City, California/ MDS Inc., Concord, Ontario, Canada; Sciex) equipped with an atmospheric pressure chemical ionization interface.
Statistical analysis
The Mann-Whitney test was used to compare groups regarding hair nicotine and cotinine levels. Spearman rank correlation coefficients (r) were calculated for correlation between nicotine levels at the family level. P values of <0.05 were regarded as significant, and data in this paper are expressed as mean (standard deviation (SD)). All analyses were performed by using SPSS software (release 12.0; SPSS, Inc., Chicago, Illinois). Figure 1) . Paternal, maternal, and neonatal cotinine concentrations (ng/mg hair) in the smoker group were 2.96 (SD, 1.79), 0.14 (SD, 0.17), and 0.04 (SD, 0.10) and in the nonsmoker group were 0.22 (SD, 0.19), 0.05 (SD, 0.05), and 0.04 (SD, 0.06), respectively. According to the Mann-Whitney test, fathers who smoked had significantly higher hair nicotine and cotinine levels than fathers who did not smoke (P < 0.05) ( Table 2) . Maternal nicotine and cotinine levels in the smoker group were also significantly higher than those in the nonsmoker group (P < 0.05). However, differences between neonatal nicotine or cotinine levels in the smoker and nonsmoker groups were not statistically significant.
Maternal and fetal exposure to ETS showed large differences according to whether the father smoked inside or , and cotinine concentrations were 0.09 (SD, 0.11) and 0.02 (SD, 0.05), respectively; these findings were no different from those for the nonsmoker group. However, in the indoor-smoker group, maternal and neonatal nicotine concentrations (ng/mg hair) were 3.18 (SD, 2.77) and 0.29 (SD, 0.28), and cotinine concentrations were 0.53 (0.69) and 0.11 (SD, 0.17), respectively; all, except for neonatal cotinine concentrations, were significantly higher than those in the outdoor-smoker and nonsmoker groups (P < 0.05).
In the indoor-smoker group, neonatal nicotine and maternal nicotine levels showed a mild correlation (Spearman rank correlation coefficient, r ¼ 0.638). However, we found a weak correlation between paternal nicotine and maternal nicotine (r ¼ 0.250) or neonatal nicotine (r ¼ 0.162) levels.
DISCUSSION
The results of this study show that fathers who smoke indoors expose their pregnant spouses and unborn children to significant ETS. Overall, the ratio of hair nicotine concentrations indicates that a pregnant woman is exposed to 7.4% (ratio of maternal to paternal nicotine level) of the total smoke consumed by her husband all day long and that this amount will be increased when smoking only at home is considered. Moreover, 16.7% (ratio of neonatal to maternal nicotine level) of smoke inhaled by the mother is then transferred to her fetus. Thus, the ETS generated by a father who smokes may affect fetal and maternal health. Further investigations are required to clarify the subsequent health effects. Paternal nicotine concentrations in hair in the outdoor-smoker group were lower than those in the indoor-smoker group, but this difference was not significant. Therefore, we conclude that differences between maternal and neonatal nicotine/cotinine concentrations in the outdoor-smoker and indoor-smoker groups are not due to differences in paternal smoking but to exposure at home. Maternal and neonatal nicotine/cotinine levels in the outdoor-smoker group were not significantly higher than those in the nonsmoker group. Therefore, outside smoking substantially reduces maternal and fetal exposure.
Paternal nicotine and cotinine concentrations in hair were found to be weakly correlated with neonatal or maternal nicotine and cotinine concentrations. Although average maternal/neonatal concentrations in the indoor-smoker group were significantly higher than those in the outdoor-smoker group or nonsmoker group, the weak quantitative correlation observed among these family members in the indoorsmoker group is likely to have been caused by factors other than exposure to ETS; hair nicotine and cotinine concentrations are known to be affected by various individual factors such as nicotine metabolism, hair growth, and number of cigarettes smoked (18, 24) . The impact of these individual factors can be supported by our finding that a correlation between even maternal nicotine and neonatal nicotine was not very strong. In addition, maternal exposure to ETS in this study came from only paternal smoking at home, but paternal nicotine concentration itself is related to total cigarette smoke. Therefore, it is suggested that, overall, maternal or fetal nicotine concentrations were higher in the indoorsmoker group than in other groups but, for these reasons, might show a weak correlation with paternal nicotine concentration itself at the family level.
Neonatal hair cotinine levels have been suggested to be a useful marker of fetal exposure to maternal smoking (25, 26) . However, in terms of fetal exposure to paternal smoking, our study suggests that hair nicotine rather than hair cotinine is a useful marker. This finding can be explained by a difference in neonatal hair nicotine level and cotinine level. Average neonatal nicotine level (0.53 ng/mL) in the indoor-smoker group was much higher than its detection limit of 0.16 ng/mL, but cotinine level (0.11 ng/mL) was slightly higher than its detection limit of 0.07 ng/mL. Therefore, cotinine level may not represent fetal exposure below a certain level. The usefulness of hair cotinine seems to be questionable in the study of fetal exposure to ETS by paternal smoking because of its low concentration.
Summarizing, our findings indicate that paternal smoking inside the home leads to significant fetal and maternal exposure to ETS. We also found that paternal smoking outside the home helpfully reduces levels of ETS to which the smoker's wife and her fetus are exposed.
